Knowledge on soil properties likely to influence P sorption in tephra soils is very important for sustainable management of available P. Sorption studies on six tephra soils were conducted to relate P sorption to soil characteristics in order to identify those with potential influence on P sorption. Four equilibrium-based sorption models commonly encountered in soil studies (Langmuir, Freundlich, Temkin, and Van Huay) were used to describe P sorption in the soils. P sorption was determined by measuring the residual P content of a clarified equilibrating solution of 0.02 N KCl containing varying concentrations (0, 5, 10, 15, 30, 40, 50, 60, 80, and 100 mg/L) of P as KH 2 PO 4 after mixing with 1 g of soil in duplicates for 16 hours at 25˚C. Maximum amount of P sorbed for the varying P concentrations used ranged from 2080 to 5402 mg/kg with a potential for greater P sorption maxima at higher P solution concentrations. P sorption in these soils was best described by the Langmuir and Freundlich models. Allophane and ferrihydrite are the principal species controlling the high P sorption in these soils. pH-NaF proved to be a potentially reliable test for assessing the presence of allophanic materials and thus for estimating P sorbed. This work would guide both effective and efficient P fertilizer management with economic implications for both the study area and similar environments.
Introduction
Adsorption is the accumulation of a substance at an interface between the solid surface and the bathing solution [1] . It is one of the most important processes in soils that affect transport of nutrients and contaminants as it determines the quantity of crop nutrients, metals, pesticides, and other organic chemicals retained on soil surfaces [1] . Phosphorous is a major element which plays a fundamental role in agronomy and biogeochemical cycles, but is unfortunately not very abundant in soils [2] . Phosphorous is capable of forming innumerable covalent organo-phosphorous compounds and to bind to C, N, O, Al, Fe, and Ca.
In tephra soils characterized by high organic matter contents and allophanic minerals, this element can become very unavailable as it is easily adsorbed by the latter. Tephra soils, or better still soils with andic soil properties are usually classified as variable charge soils with unique properties that make them respond in a particular manner to different management [3] . These soils are known to have a high P-retention capacity thereby posing a problem of P deficiency for crop production; thus requiring heavy applications of P fertilizers [4] . However, despite the acidic nature of some volcanic soils, such as the Bokwango Andosols on the slopes of Mt. Fako in Cameroon, with pH-H 2 O ranging between 4.9 and 5.5, at which high concentrations of exchangeable aluminium (0.1 -0.3 meq/100 g soil) were observed [5] and susceptible to fix phosphorus, crops like cocoyams (Colocascia esculenta) and plantains (Musa spp.) still perform well with very good yields. The mechanism which enables these soils to continue to produce very well despite their acidic nature and hence the high P sorption of such soils has been puzzling, requiring in-depth studies. P sorption is known to be mostly associated with Fe and Al oxides, extractable Ca and Mg, pH, soil texture, and carbon content [6] . This phosphorus adsorption depends on many factors such as concentration, crystallinity, specific surface area, and the configuration and concentration of hydroxyl groups on the surface of iron oxides, which in turn are affected by the formation route, parent material, degree of weathering, soil solution composition, drainage conditions and pH [7] . In P sorption experimental studies, an adsorptive solution of a known composition and volume is equilibrated with a known amount of adsorbent at a constant temperature and pressure for a period of time such that equilibrium (adsorption reaches a steady state or no longer changes after a period of time) is attained [1] . This can be achieved following a variety of methods. One common and easiest method usually employed in studying P sorption in soils is the batch method [8] . In this method, the solid or adsorbent (soil) is shaken in the solution or adsorbate (e.g., KH 2 PO 4 solution) until the adsorption equilibrium is reached, after which the remaining solute concentration is measured. However, this method has numerous disadvantages. For example, the solid/solution ratio is often too high or too low compared to the natural conditions in soils [8] . This is one among many factors that render P sorption studies very challenging and so most often limited to qualitative rather than quantitative appreciation.
In this study, P sorption was conducted on six representative tephra soils (five Andosols and one aluandic Cambisol) using four sorption models commonly applied in soil P sorption studies [9] [10] [11] [12] with the aim of comparing these models and identifying soil characteristics likely to influence proper P sorption assessment. The effectiveness of these models in describing P sorption as observed in prior investigations [1] dictated their choice.
Materials and Methods

Description of Study Area (Geological and Environmental Setting)
The study area covers two massifs in the south-west region of Cameroon; Mts. Kupe and Manengouba (Figure 1 ). Morphologically and geologically, the Kupe massif consists of two very different parts: a syenitic horst on the one hand, and a basaltic cover on the other [13] , which are the sites of many recent monogenic volcanoes [14] . The lavas that cover the area and especially the ashes spread over the greater part of the mountain are believed to have resulted from these craters [13] .
On the slopes and foot of Mt. Kupe lie many small cones of ash and lapilli, ranging between 50 and 150 m in height. The proportion of pyroclastic products (blocks, bombs, lapilli and ashes, with many syenite and gneiss enclaves) is much higher than that of the lavas. These pyroclastics are of Quaternary origin [14] .
Previous studies by [15] showed that most of the soils, especially those located on the western slopes of Mt. Kupe, are of two Reference Soil Groups; Andosols and Cambisols with dominant parent materials being pyroclastics (mainly block and lapilli tephra).
The soils are generally stratified and present erratic variations in most of the physico-chemical properties. Mean annual rainfall around Mt. Kupe stands at 3096 mm, while mean annual temperature and relative humidity stand at 25˚C and 86%, respectively.
The Manengouba massif is of volcanic origin and harbours Mt. Manengouba (2396m). Its volcanic story is related to four chronological stages: 1) forming of the early Manengouba shield volcano between 1.55 and 0.94 Ma; 2) building of the Eboga strato-cone between 0.94 and 0.89 Ma; 3) caldera collapse and silicic extrusions of the Elengoum Complex between 0.89 and 0.70 Ma; and 4) intra-caldera and flank activity between 0.45 and 0.11 Ma [16] . The volcanic rocks are attributed to two magmatic events. The first and main magma emitted produced the shield volcano, the strato-cone, and the syn-to post-caldera extrusions, displaying a complete series from basanites to trachytes (magmatic Group 1). The second magma emitted, is limited to the late and flank activity and evolved from basanites to trachy-phonolite materials. Both magmatic groups belong to the under-saturated alkaline sodic series [16] .
The climate on Mt. Manengouba and environs is equatorial, with heavy rainfall fairly well distributed throughout the year. Mean annual rainfall is 2316 mm, while mean annual temperature and relative humidity are 20.3˚C and 84%, respectively.
Six sites, representative of the study area were selected for the study. On Mt. Manengouba, dominated by grassland vegetation, two sites were selected on old (P1) and more recent (P2) volcanic ejecta. At the foot of Mt. Manengouba, dominated by forest vegetation on the old basement, a third profile was identified (P3). This site is situated on a more stable geomorphic surface subject to higher water infiltration and thus more intense weathering. It constitutes an older tephra flow parent material which has not been influenced by the recent flows of sites 1 and 2.
On Mt. Kupe, dominated by forest vegetation, three profiles were selected following a toposequence at altitudes of 1030 (P5) m, 583 m (P4) and 465 m (P6). The characteristics of the sites are summarized in Table 1 . The soil profiles were described following the FAO recommendations [17] . Soil samples were collected per horizon and stored in polythene bags. Samples for bulk density were collected in duplicates to evaluate the consistency of analytical results in order to minimize measurement errors. Open Journal of Soil Science 
Laboratory Methods
Soil samples were air-dried, crushed and sieved on a 2 mm sieve. The < 2 mm fractions were used for the analyses. Soil physico-chemical analyses were conducted following standard methods. Soil organic carbon (OC) content was determined following the Walkley and Black method with prior determination of a recovery factor, while OM was obtained from the equation OM = OC × 1.724 (based on the recovery factor) [18] .
Bulk density (BD) was determined in duplicates as the oven dry (105˚C) mass of each undisturbed core sample per unit volume [19] . A 1:2.5 soil-H 2 O and 1:2.5 soil-KCl solutions were used for pH-H 2 O and pH-KCl determinations, respectively. pH-NaF was determined after agitating 1 g of soil in 50 ml of 1 N NaF for two minutes. Texture was determined by the pipette method [19] . The subscripts o and p in the equations above represent oxalate and pyrophosphate extractions, respectively.
Phosphorus sorption was conducted following the procedures according to [22] . The P sorption was determined by measuring the residual P content of a clarified equilibrating solution of 0.02 N KCl (to maintain the ionic strength) containing varying concentrations (0, 5, 10, 15, 30, 40, 50, 60, 80, and 100 mg/L) of P as KH 2 PO 4 after mixing with 1 g of soil in duplicates for 16 hours at 25˚C. The solution was decanted into centrifuge tubes and centrifuged at 4000 rpm for 30 minutes using an HRT 20 MM model Multifunctional Intelligent Centrifuge. The remaining P in the solution after equilibration was determined colorimetrically based on the reaction with ammonium molybdate. In the procedure, 1 ml aliquote of the centrifuged solution was pipetted into a test tube and 10 ml of a mixture of ammonium molybdate, sulphuric acid, potassium antimonyl tartrate, and ascorbic acid added with subsequent development of the molybdenum blue colour [22] . The absorbance, which is directly proportional to the remaining P content in solution, was measured at 882 nm using a Searchtech 722 N model visible spectrophotometer. The amount of P sorbed was then calculated as the difference between the initial concentration in the equilibrating solution and the remaining P using (1).
where C i is the initial P concentration in the equilibrating solution, C f is the P concentration after adsorption, V is the volume of equilibrating solution used, and w is the oven-dry (105˚C) equivalent mass of the soil sample.
P Sorption Description
To describe P sorption in the six soils, four equilibrium-based models commonly used for soils were used viz: Langmuir, Freundlich, Temkin, and Van Huay. The linear form of the simple Langmuir equation [9] is defined by (2) as follows:
where q is the amount of adsorption (adsorbate per unit mass of adsorbent) in g•kg -1 , C is the equilibrium or final adsorptive concentration, k is a constant related to the binding strength, and b is the maximum amount of adsorptive that can be adsorbed (monolayer coverage). The Langmuir equation is based on some assumptions which are not valid for the heterogeneous surfaces found in soils [1] . Plotting C/q vs. C produces the slope equal to 1/b and the intercept equal to 1/kb. The Freundlich equation [10] is defined as follows (3):
where q is the amount of adsorption (adsorbate per unit mass of adsorbent) in g•kg -1 , C is the equilibrium or final adsorptive concentration, K d is the distribution coefficient, and n is a correction factor. The linear form of the Freundlich Equation (4) is as follows:
The slope is the value of 1/n and the intercept is equal to logK d .
One of the major disadvantages of the Freundlich equation is that it does not
predict an adsorption maximum. The single K d term in the Freundlich equation
implies that the energy of adsorption on a homogeneous surface is independent of surface coverage. The Temkin adsorption isotherm [11] is defined by (5) as follows:
where b is the buffer capacity (mL/g), X is the amount of P adsorbed (mg/kg), C is the equilibrium solution concentration (mg/L). A plot of X against lnC gives a slope equal to b and an intercept equal to a.
The Van Huay isotherm [12] is defined as follows (6):
where x is the amount of phosphate adsorbed (mg/kg), C is the concentration of fluid phase (mg/L), n is the Van Huay adsorption coefficient (L/kg), and m is the Van Huay constant parameter. A plot of x against C 1/2 gives a gradient equal to mn and an intercept equal to m 2 .
Statistical Analysis
The Pearson's correlation test was conducted to assess the association between P sorbed, soil properties and sorption parameters of the various equilibrium-based models, while multiple linear regression analysis was conducted on soil properties to explain possible relationships between them. All statistical analyses were facilitated using Microcal Origin Version 6.0 [23] , Microsoft Excel 2007 [24] and SPSS for Windows Version 17.0 [25] .
Results and Discussion
Physico-Chemical Properties
From the physico-chemical properties ( Table 2) , profiles 1, 2, 4, 5 and 6 have texture classes [17] ranging between loam, silty loam, loamy sand, and sandy loam. Profile 3 alone has a clay loam texture in some of its horizons with higher clay contents compared to the others indicative of a more advanced stage of development. The soils are slightly acidic to basic, except for profile 3 which has pH-H 2 O values less than 5.5. Organic carbon contents are generally high in the surface horizons and decrease with depth. Bulk density is generally low (less than 0.9 Mg/m 3 in most of the soils), typical of Andosols except for profile 3 where BD is on average greater than 1. pH-NaF indicates that except profile 3, all soils have allophane within some of their horizons.
Description of Sorption Isotherms
Figures 2(a)-(f) present the adsorption isotherms of selected soil horizons for the six soils studied. The isotherm generally described by sorption in soils is the L (Langmuir) shaped isotherm, in which the slope of the curve decreases with increasing concentration. This implies that vacant adsorption sites for P decrease as the concentration of adsorbate (KH 2 PO 4 ) increases. This is explained by the high affinity of the adsorbent (soil) for the adsorptive (P) at low concentrations, which then decreases as concentration increases [1] . For profile 1, all three horizons (A, AC, and Cr) follow the L-shaped isotherm. At low concentrations, soils have a high affinity for P and at these low concentrations; the gradient of the isotherm is very steep. As binding sites become occupied due to increase in concentration, affinity for P reduces with corresponding decrease in gradient of the isotherm. For profile 2, the A and AB horizons with very high OC contents follow the H-type (high-affinity) isotherms indicative of strong adsorbate-adsorptive interactions with the adsorbent. The 2C and 4C horizons follow the C-type isotherm whereby adsorptive ions are distributed between the interfacial phase and the bulk solution phase without any specific bonding between the adsorbent and adsorbate [1] . That is, it describes partitioning, which suggests interaction between a generally hydrophobic adsorbate with a hydrophobic adsorbent [26] . In profile 3, all horizons follow the L-shaped isotherm (Langmuir) . Profiles 4, 5, and 6, follow the L-shaped isotherm in all horizons.
Generally, in sorption studies, equilibrium is seldom attained especially in soils which have multi-component systems [26] . Furthermore, variability in soils Open Journal of Soil Science especially when very small quantities of soil samples are used for laboratory analysis is easily observed. Further, when carrying out equilibration studies over long durations (between 16 and 24 hours) and for several days (such as in kinetics studies), often temperatures are not constant throughout. The above observations explain in part the irregular variations in sorption isotherms.
Relationship between P Sorption, Clay Content, OM Content, pH-NaF, and pH-H 2 O
Correlations between the soil characteristics and adsorbed P are summarized in Table 3 . The selection of these properties was based on their relevance in such studies in prior investigations [27] . Table 3 . Correlations between soil properties and P sorbed. Maximum amount of P sorbed ranged from 2080 to 5402 mg/kg (Table 4 ) for the P equilibrium concentrations established.
However, the adsorption curves ( Figure 2 ) indicate that these soils would adsorb more P if the concentrations of the equilibrating solution were increased. pH-NaF is an indication of the presence of amorphous materials or allophanes in volcanic ash soils if the pH-NaF test gives a value of 9.5 or more [28] . pH-NaF values indicate that all soils might contain allophane. Profile 3 (aluandic Cambisol), with the lowest pH-NaF values and an average of 10.4, is the most weathered of all the soils with very low concentrations of allophane (less than 1%). Pooled data for the soils show that there is a positive and significant correlation between P sorbed and pH-NaF. This behaviour indicates that allophane is likely a dominant component of these soils and is responsible for the adsorption of P. However, from the phosphate-binding groups in soils, such as, Al-O-Si, R-COO-Al Open Journal of Soil Science (organic ligands), and Al-OH groups [29] , and given that exchangeable aluminium values would be low as indicated by the pH-H 2 O values that are greater than 5.5, phosphate groups in these soils could thus be largely attributed to organic ligand binding groups. This probably explains why P sorption also correlates with organic matter (OM). Organic matter and allophane are known to be the key colloids in Andosols which have a high affinity for elements mainly through sorption processes [30] [31] .
No correlation was observed between clay content and P sorption, though reports by [22] indicate that the amount of P sorbed increases with increases in clay content. Kaolinite, a major phyllosilicate clay mineral, is reported to con-tribute to P sorption at low pH [32] . The mechanism for such behaviour has been explained by pH-dependent charge sites at crystal edges in kaolinite, where A1(OH)H 2 O groups are exposed, and at low pH, become positively charged and adsorb P [32] . pH-H 2 O values in these soils vary from 6.5 -6.8 (Profile 1), 6.1 -7.3 (profile 2), 5.1 -7.0 (profile 3), 6.2 -7.3 (profile 4), 6.1 -6.6 (profile 5), and 7.1 -7.3 (profile 6). Only profile 3 has low pHs less than 5.5 at which exchangeable aluminium would be observed. This is the only profile in which P sorbed correlates best with clay content (r = 0.75), though not significant. P sorption has been reported to be more closely related to the content of oxalate-extractable aluminium (corresponding to poorly ordered inorganic and organic Al compounds that release considerable amounts of OH to NaF solution) than to any other soil constituent [33] . The concentration of these compounds in soil could be estimated by measuring the pH of a NaF extract. Equally, other studies by the latter authors on some west Australian soils indicate that well crystalline aluminium and iron oxides, clay minerals and other soil constituents are of secondary importance in determining P sorption and that most P sorption is associated with poorly ordered and organically complexed forms of Al.
This may also explain why P sorption of these soils significantly correlates with pH-NaF and OM but does not with clay content.
In a review on the relationship between P availability and iron oxides and OM, in some highly weathered Brazilian Ferralsols, [7] reported that iron oxides and OM are the soil constituents most strongly affecting the reactions and rate of phosphorus adsorption and desorption of P. Given that OM is an important influential factor on chemical, physical and biological soil properties, [7] observed that adsorption of organic functional groups onto iron oxides can promote anion (phosphate) adsorption through cation bridges (Al 3+ and Fe 3+ ).
Though the soils in this study are relatively less weathered, they occur in environments (humid tropics) which have similar soil chemical processes, and similar properties associated with their variable charge nature. This is in agreement with the significant correlation between P sorption and OM in this study. In view of the foregoing, [7] assert that fertilizer recommendations based on soil buffering categories established in terms of clay contents alone may be erroneous.
Observations in this study of a positive correlation between phosphate adsorption and OM content are in agreement with reports by [34] .
Reference [35] , in their study, "Organic matter effects on phosphorus sorption in sandy soils" in west and south west Poland, also observed that removal of OM from soil reduced phosphate adsorption. The effect of OM on phosphate adsorption is indirect; the interactions between OM and oxides of iron and aluminium inhibit their crystallization thereby increasing their phosphate adsorption capacity [34] . The high pH-NaF indicates that active aluminium is present, but because the pH-values of most of the soils are within the ranges for which aluminium is not soluble (except profile 3), it is probable the large surface area of allophane exposes considerable amounts of aluminium on its surface, capable of Open Journal of Soil Science fixing high P [36] [37] . Correlations between pH-H 2 O and P sorbed, for profiles 1, 2, 4, 5, and 6, which have pHs greater than 6 indicate that OM can increase P sorption. This is in agreement with results of [37] who reported that, at a soil pH > 6.0, soil OM increases P sorption.
Relationship between P Sorbed, Allophane Content, and Ferrihydrite Content
Influence of amorphous materials in soils notably allophane and ferrihydrite has been reported [38] . Table 2 shows that all profiles contain allophane and ferrihydrite, except profile 3. Allophane and ferrihydrite correlate positively and significantly with amount of P sorbed indicating that these amorphous species greatly contribute to P sorption. Allophane has a higher affinity for phosphate compared to ferrihydrite [38] and the higher concentration of allophane content compared to that of ferrihydrite in the studied soils indicates that its effect on P sorption is greater. This high P sorption is probably due to its high surface area [36] .
The net positive charge of amorphous silicates at prevailing soil pH causes a strong adsorption of phosphate ions and the phosphate adsorption capacity increases with the Al/Si ratio of allophane [29] . This Al/Si molar ratio, computed as (Al o -Al p )/(Si o ) molar ratio, where o and p refer to oxalate and pyrophosphate extractions, respectively, which is an indication of the type of allophane (silicon or aluminium rich) [39] , indicates that aluminium in allophane is more responsible for P sorption than silicon. The high positive and significant correlation between P sorbed and Al o +½Fe o ratio is in agreement with observations of [40] , and indicates that P sorption will increase with increasing andic properties generally characterized by presence of short-range-order minerals, such as allophane and ferrihydrite. The high positive and significant correlation between allophane content and P sorbed (r = 0.806, P < 0.01) and between P sorbed and ferrihydrite content (r = 0.669, P < 0.01) compared to OC (r = 0.476, P > 0.05) clearly indicates that these amorphous substances are the principal soil components responsible for P sorption. This confirms the assertion earlier made with respect to pH-NaF as an indication of the presence of amorphous substances notably allophane [33] in these soils. Though there is no significant correlation between allophane and pH-NaF, the fact that pH-NaF correlates with P sorbed and because pH-NaF values reflect the presence or absence of allophane in the soils, pH-NaF can be used as a fast tool to estimate P sorbed in these soils using the following simple linear regression Equation (7) . 
The rationale for using pH-NaF for estimating P sorbed is that this parameter can be easily measured in the laboratory or in the field.
However, because allophane and ferrihydrite correlate with P sorbed better than pH-NaF, they remain better estimators of P sorbed in these soils compared to pH-NaF.
Generally, the Langmuir model presents the best fit, though the coefficients of determinations are very similar for all the models. The fact that all the curves in all horizons within the profiles do not systematically follow the L-shaped type of isotherm ( Figure 2 ) suggests that the other three models would be better indicated for some of the soils than the Langmuir model.
Relationship between P Sorption Parameters, P Sorbed, and Selected Soil Properties
Sorption parameters for the four models used are presented in Table 4 . Table 5 indicates that, b, the maximum amount of P that can be sorbed increases with increase in pH-NaF, OM, allophane content, ferrihydrite content, Al/Si molar ratio, and Al o +½Fe o ratio. These are the same parameters that correlate with P sorbed. This indicates that the Langmuir equation perfectly describes P sorption in these soils. The constant k, related to the binding strength, increases with pH-NaF, allophane content, ferrihydrite content, and Al o +½Fe o ratio. This implies that active aluminium as predicted by the pH-NaF values contributes to this binding energy. The distribution coefficient of the Freundlich model (K d ) significantly increases with increase in pH-NaF, allophane content, ferrihydrite content, and Al o +½Fe o ratio.
The amount of P sorbed in the Temkin model increases with pH-NaF, OM, allophane content and the Al o +½Fe o ratio. This can equally be explained by the amount of active Al present.
In the Van Huay model, the adsorption coefficient (n) doesn't significantly correlate with any of the soil properties, while the constant, m, increases with pH-NaF and Al o +½Fe o ratio. These correlations show that model parameters that directly explain or inform on adsorption are better observed for the Langmuir, Freundlich, and Temkin models.
Because the amount of P sorbed in the Temkin model has values that are very different from the actual P sorbed values, the Temkin model would not be considered a good model for evaluating P sorption in these soils. Thus, following the relationships between sorption parameters and soil properties, the Langmuir and Freundlich equilibrium-based models best explain P sorption in these soils.
Estimation of P Sorbed Using Multiple Linear Regression and Applications
Based on the fact that P sorbed is related to pH-NaF, OM, allophane content, and ferrihydrite content, two multiple regression equations have been proposed for the estimation of P sorbed in these soils; the first Equation (8) 
The rationale for using these two parameters (OM and pH-NaF) is based on their ease of determination in soils.
Estimated P sorbed using this equation significantly correlates with the experimentally determined P sorbed (Figure 9 ).
Paired sample t-test performed on the data sets showed that the means are statistically equal (t = 0.017, p = 0.986 at the 95% confidence level).
The second multiple regression Equation (9), relates allophane (Alloph) and ferrihydrite (Ferrih) contents to P sorbed: 
Estimated P sorbed using this equation significantly correlates with the experimentally determined P sorbed ( Figure 10 ).
Paired sample t-test performed on the data sets show that the means are statistically equal (t = −0.834, p = 0.415 at the 95% confidence level). Figure 9 . Correlation between experimentally determined P-sorbed and estimated P-sorbed using OM and pH-NaF (Equation (8)). Figure 10 . Correlation between experimentally determined P sorbed and estimated P sorbed using allophane and ferrihydrite contents (Equation (9)).
The higher coefficient of determination and correlation coefficient obtained for correlation between the experimental and theoretical P sorbed values (Equation (9)) as compared to the first equation (Equation (8)) indicates that the latter equation is more appropriate for estimation of P sorbed.
These regression equations can be used as a tool for quick assessment of P sorbed in soils of similar environments from data found in soil survey reports and soil laboratories. This will guide effective and efficient P fertilizer application and management. (Table 6) were also related to P sorption, to complement and or confirm some of the relationships earlier observed in this study. From Table 7 , it can be observed that P sorbed increases with Oxalate extractable Al, Fe, Mn, and Si. This indicates that amorphous materials in these soils are the principal factors explaining P sorption. The highest correlation is observed for oxalate extractable aluminium indicating that active aluminium is the principal cause of high P sorption in these soils. The positive and significant correlation between this oxalate extractable aluminium and pH-NaF (r = 0.566, P < 0.05) confirms that the latter component in these soils indicates the presence of amorphous materials, especially allophane, and hence could be conveniently used to estimate P adsorption. The positive and significant correlation between OM and oxalate extractable aluminium (r = 0.598, P < 0.05) suggests the formation of organo-metallic complexes in these soils indicating that OM is a good indicator for P adsorption as there exists a co-correlation between OM and oxalate extractable aluminium through pH-NaF data.
Oxalate and DCB Extractable Al, Fe, Si, and Mn in Relation to P Sorption
The fact that the amount of P sorbed correlates more with oxalate extractable Al, Fe, Si, and Mn than DCB extractable forms, suggests that amorphous materials are the most important components responsible for P sorption. Studies by [41] have shown that these amorphous materials, especially iron, have high sur-face areas, which make them efficient sorbents for inorganic anions such as phosphates, biocides, etc. From the relationships between various forms of Al, Fe, Si, and Mn, parameters of sorption isotherms, and other selected physico-chemical characteristics (Table 7) , the order of correlation of amorphous species is Al o > Si o > Fe o > Mn o . Aluminium and silicon are the dominant elements in allophanes.
In contrast to the first set of regression Equations, (8) and (9), where the accuracy of the dependent variable increases with the amorphous character of variables introduced, these second set of regression equations indicate that the 
The developed regression Equations (10)- (14) indicate that P sorption is more associated with DCB extractable species compared to the oxalate extractable species. DCB extractable species includes crystalline, amorphous and organic forms. The difference between DCB and oxalate extractable species generally gives an idea of the crystalline forms of the corresponding species. In these soils, the concentrations of DCB extractable Al and Si (which are the dominant compo-nents of allophane) are lower than the oxalate extractable forms (a common observation in tephra soils) [42] , indicating that DCB extractable Al and Si is dominated by amorphous forms and so the high correlation coefficients in Equations (10) and (11) are evident.
As observed above, the sorption parameters of the various sorption isotherms correlate with the various forms of DCB and acid oxalate extractable Al, Si, Fe, and Mn. The Langmuir parameters correlate with Al o , Fe o , Mn o , Si o , Al d and Fe d . The k d parameter of the Freundlich equation shows the highest degree of association as it correlates with all parameters except Si d . The fact that P sorbed correlates with amorphous forms of Al, Fe, Si, and Mn compared to the free forms of the latter elements suggests that in these soils amorphous materials are the dominant species responsible for P sorption.
Conclusions
P sorption studies showed that P sorption capacity of the six tephra soils varied from 2080 to 5402 mg/kg. However, these values do not constitute the sorption maxima for these soils as higher P equilibrium concentrations were not introduced. The soil parameters that relate to P sorption in these soils are OM, pH-NaF, allophane content, ferrihydrite content, %Al o , %Fe o , %Mn o , %Si o , %Al d , %Fe d , but also Al o +½Fe o . Presence of amorphous materials can be assessed through pH-NaF tests in these tephra soils as confirmed through the high and significant correlation established among them and constitutes the dominant species influencing P sorption.
All four equilibrium based models used for the description of P sorption in these soils fit the data satisfactorily. However, based on the parameters of the models, the Freundlich and Langmuir models best describe P sorption. Multiple linear regression equations can be used to estimate P sorption capacity of similar soils if data is available.
The results of this study are in agreement with those of [43] and [32] who reported that pH-NaF can be used in Andosols and sesquioxidic soils to estimate P sorption. Because soils in this study belong to two main Reference Soil Groups (Andosols and Cambisols with few andic properties), it can be generalised that for variable charged soils, or soils developed from volcanic parent materials, pH-NaF can be used as a reliable parameter for estimating P sorption. P sorption studies to be effective require much time, high concentration, are costly, and often not affordable to most users. Assessment of P sorption and P requirements from parameters found in soil survey reports and other sources would minimize P fertility management costs. The confirmed relationship that exists between pH-NaF and amorphous components as determined through DCB and oxalate extractable Al, Fe and Si and their relationship to P sorption provides a possible pathway for estimation of P sorption directly using pH-NaF which is much less expensive than long established procedures. This is very important for the Andosols of the humid tropics where a paucity of such studies exist. The continued high crop performance observed in some tephra soils having low pHs (pH ≤ 5.5), where exchangeable Al would be present and fix P, a major plant element had been puzzling. The mechanism for Al adsorption on the allophane-OM complex is inherent in these systems, thus liberating P for plant use required elucidation. The mechanism for Al-adsorption to OM on the allophane-OM complex outlined in this study explains in part the on-going process in these tephra soils.
